Fragile X syndrome is one of the leading causes of inherited mental retardation [(1) and reviewed in (2)]. Individuals with Fragile X syndrome are unable to express the protein product of the FMR1 locus, largely due to a trinucleotide repeat expansion in the 5ЈUTR, which results in transcriptional silencing of the gene [reviewed in (2)]. The FMR1-encoded protein, FMRP, is an RNA-binding protein which associates with proteins to form a messenger ribonucleoprotein (mRNP) particle that is greater than 669 kDa in size (3-7).
Fragile X syndrome is one of the leading causes of inherited mental retardation [(1) and reviewed in (2) ]. Individuals with Fragile X syndrome are unable to express the protein product of the FMR1 locus, largely due to a trinucleotide repeat expansion in the 5ЈUTR, which results in transcriptional silencing of the gene [reviewed in (2) ]. The FMR1-encoded protein, FMRP, is an RNA-binding protein which associates with proteins to form a messenger ribonucleoprotein (mRNP) particle that is greater than 669 kDa in size (3) (4) (5) (6) (7) .
To better understand the function of FMRP and the biochemical consequence of its absence, we sought to identify the protein components of the FMRP mRNP. Evidence suggests that FMRP exists as a homomultimer (8) , although a number of groups have reported the association of FMRP with the autosomal paralogs of FMRP, FXR1P, and FXR2P (9 -11) . Both of these proteins are similar to FMRP in overall structure, each having two KH domains and conservation of the NLS and nuclear export signal found in FMRP (9, 10, 12) . Using a yeast-2-hybrid screen with FMR1 as bait resulted in the identification of FXR2P and NUFIP1 as interacting proteins (9, 13) . We used an alternative approach to identify proteins in the FMRPcontaining complex by expressing an epitope-tagged murine Fmr1 in L-M (TK-) cells and then identifying the proteins which coimmunoprecipitated with FMRP. In addition to identifying both FXR proteins, we observed two additional RNA-binding proteins, nucleolin and hnRNP A1 (11) . Only the hnRNP A1 association with FMRP was RNase-sensitive, thus, likely to be mediated by coincident binding to a common mRNA. These data suggested that the interaction of FMRP with nucleolin and the FXR proteins was most likely mediated through protein-protein interactions (11) . To extend these studies, we performed additional coimmunoprecipitation experiments, now focusing on the lower molecular weight proteins. We identified an additional protein of approximately 50 kDa in size whose association with FMRP is resistant to RNase treatment. This protein was identified as mouse YB1, an RNA binding protein, which is 97% identical to the core mRNP protein, p50, described in rabbit reticulocytes (14, 15) .
MATERIALS AND METHODS
Cell lines. HeLa cells and the murine cell line L-M(TK-) transfected with either the empty expression vector or with the Flag-Fmr1 transgene (11) , were grown at 37°C in 8% CO 2 in Dulbecco's minimal essential medium (DMEM) containing 10% fetal calf serum (FCS) supplemented with 10 mM HEPES and 100 units/ml of penicillin/ streptomycin (complete media). All media and supplements were purchased from GIBCO-BRL unless otherwise noted.
Protein purification. To obtain sufficient protein for the identification of peptide masses by matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS), we followed the procedure described (11) . Briefly, approximately 6 -8 ϫ 10 9 cell equivalents of L-M(TK-) cells expressing either the empty expression vector or Flag-Fmr1 were resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 30 mM EDTA, 0.5% Triton X-100, pH 7.6) with proteaseinhibitor tablets added as instructed (Boehringer Mannheim). The lysates were immunoprecipitated with the anti-Flag M2 matrix (Sigma), washed extensively, and eluted with the Flag peptide. After concentration, the eluted proteins were resolved on a 7.5% mini-gel and stained with Coomassie brilliant blue. The 50 kDa band was cut out and sent to the HHMI Biopolymer/W.M. Keck Foundation at Yale University where the identification was made as described except that Q-Tof was used in addition to MALDI-MS (11).
Antibodies, immunoprecipitation, and Western blotting analysis.
Cells were lysed in the lysis buffer described above at the cell numbers given in the figure legends. The nuclei were removed by spinning at 20,800g for 5 min. Lysates were immunoprecipitated with either the anti-Flag M2 matrix as described above or with either a rabbit preimmune sera or with the anti-p50 antisera generously provided by Dr. Valentina Evdokimova at McGill University as follows: per immunoprecipitation, 10 l of antisera was prebound for Ͼ1 h to 60 l of a 50% solution of protein A sepharose (Amersham Pharmacia Biotech) in 1 ml of PBS at 4°C and then blocked for Ͼ1 h with yeast tRNA (Gibco-BRL) and glycogen (Ambion) at a final concentration of 50 g/ml. The cytoplasmic lysates were then added to the washed, antibody-bound beads and immunoprecipitated for at least 2 h. The immunoprecipitates were then washed 2-3 times and boiled in SDS sample buffer for electrophoresis and Western analysis. For RNase treatment, the third wash was for 15 min at 37°C rotating in either lysis buffer alone with 2 ϫ protease inhibitors (Boehringer Mannheim) (mock treatment) or lysis buffer containing 50 units/ml of RNase T1 (Sigma) and 120 g/ml of RNase A (Sigma) as described (6) . The anti-PABP antibody was provided by Dr. Gideon Dreyfuss (HHMI, University of Pennsylvania). The anti-Flag antibody, M2, was purchased from Sigma and the anti-FMRP antibody, MAb1a, was obtained from Dr. Jean-Louis Mandel at the Institute of Genetics in llkirch, France. After probing with the primary antibody, the Western blots were visualized with anti-mouse or rabbit-HRP conjugates obtained from either Amersham Pharmacia Biotech or KPL.
RESULTS
To identify proteins associated with the FMRPmRNP, we performed large-scale purification of FlagFmrp from our transfected cell lines. In two different experiments, we observed an approximately 50 kDa protein in the purification from the Flag-Fmrpexpressing cells that was not present in the purification from the vector-only expressing cells by Coomassie staining (Fig. 1a) . This band was isolated from the gel and submitted to tryptic digestion for either Q-Tof or MALDI-MS analysis. By Q-Tof analysis, there were three significant matches to predicted tryptic peptides in the mouse Y box binding protein-1. In a separate purification, a tryptic digest of the 50 kDa protein was analyzed by MALDI-MS and the peptides identified covered 46% of various Y box-containing proteins, again leading to the identification of the 50 kDa protein as mouse YB1. In rat, this protein is called Enhancer Factor 1 (EF1a) (16) , in human it is called dbpB for DNA-binding protein B, CBF-A (CCAAT-binding transcription factor 1 subunit a) or YB1 (17, 18) . In rabbit, where this Y box protein has been studied primarily in the cytoplasm as a core mRNP protein, it is called p50 (14, 19) . Rabbit p50 and mouse YB1 are 97% identical (15) .
To confirm these identifications, we obtained a rabbit antiserum derived against the recombinant rabbit p50 protein and probed a fraction of the purification from the transfected L-M (TK-) cells (Fig. 1b) . The 50 kDa protein that coimmunoprecipitates with FMRP is recognized by the antisera, although it is approximately 2 kDa smaller than the purified recombinant rabbit protein, which has been reported to comigrate with the endogenous rabbit p50 (15). To account for this size difference, it is possible that L-M (TK-) cells express an alternatively spliced form of YB1/p50. To address this possibility, we sequenced several YB1/p50 cDNA clones from the L-M(TK-) cells and found no difference from the published murine sequences (data not shown). Thus, the smaller size of YB1 that copurified with FMRP from L-M (TK-) cells is likely due to posttranslational modification.
We next began to characterize the nature of the association between FMRP and YB1/p50 by performing the purification in an increased salt concentration. In 300 mM NaCl, YB1/p50 was still associated with FMRP (Fig. 1c) . The YB1/p50 protein is not abundant in the L-M(TK-) cells, as it is not readily identifiable in the input cytoplasmic lysates (Fig. 1c) . Thus YB1/p50 is enriched in the coimmunoprecipitation experiments with FMRP.
To determine whether the association between YB1/ p50 and FMRP was dependent on RNA, human YB1 was immunoprecipitated from HeLa cells and then treated or not with RNase to ask whether the association with FMRP was affected. To insure that the RNase treatment was sufficiently disruptive, the association of human Poly(A ϩ ) binding protein (PABP) with YB1/ p50 was monitored by Western blotting. Although PABP and YB1/p50 have not been shown to directly interact, they are consistently found together as the two major proteins in most mRNP particles [(15, 20) and reviewed in (21)]. The association between FMRP and YB1/p50 was not as affected by RNase treatment as was the association between YB1/p50 and PABP, which was completely eliminated (compare panels a and b in Fig. 2) . Thus, the association between FMRP and YB1/p50 is likely to be mediated by a proteinprotein interaction or an association through a masked RNA that is resistant to degradation.
DISCUSSION
To identify proteins in the FMRP-mRNP we developed a cell transfection system, which was used to confirm the association of the FXR proteins and then to identify nucleolin as a new component of the mRNP (11) . Additional experiments have now identified YB1/ p50 as another member of the FMRP mRNP.
YB1 was described first as a transcription factor and then as a core mRNP protein [reviewed in (22) (23) (24) ]. The YB proteins are named for the presence of a highly conserved Y Box-(YB) binding domain. The first YB protein was identified in a screen for proteins that bound the Y box element in the promoter of the MHC class II gene (17) . At the core of the Y box is a reverse CCAAT box that is recognized by a highly conserved domain found in all YB proteins, namely the cold shock domain, which is 40% identical between vertebrates and bacteria (22, (25) (26) (27) . In bacteria, the major cold shock protein appears to promote single-strandedness in RNA molecules since RNA duplexes are stabilized by lower temperatures [reviewed in (23) ]. Thus, it was not surprising that the specificity of YB proteins was expanded to include RNA with the identification of a number proteins in mRNP particles as family members [reviewed in (23) ]. Cold shock domain, containing mRNP3 and four proteins, are two of the most abundant proteins found bound to stored mRNAs in Xenopus oocytes (28 -31) . The rabbit protein p50 was identified in a rabbit reticulocytes as the major protein bound to RNA (14) . p50 and human YB1 have since been shown to be 97% identical, thus, are probably the same protein (15) .
In germ cells, the YB proteins are thought to be involved in storage of mRNAs in a translationally repressed or masked state [reviewed in (22) ]. In somatic cells, YB1/p50 has been shown to either inhibit or stimulate translation, depending on the ratio of YB1/ p50 to mRNA within the mRNP. In inactive mRNPs, which have the highest level of YB1/p50, translation is repressed. In contrast, in polysome mRNPs, YB1/p50 is required for protein synthesis (14, (32) (33) (34) (35) (36) .
In summary, FMRP and YB1/p50 are found as large mRNP particles (6, 15) . Both proteins are also found associated with polysomes, suggesting that they play a role in the translation of their associated mRNAs. YB1/ p50 acts as a modulator of translation, although depletion of this protein inhibits translation. FMRP is not required for translation, although exogenous addition 7 HeLa cells were immunoprecipitated with either normal rabbit serum (N) or with the anti-p50 antiserum (p50). After immunoprecipitation, the samples were treated or not with RNase, resuspended in 50 l of SDS sample buffer and boiled: 2/5 of each sample was resolved on a 7.5% gel, blotted to nitrocellulose and probed with an anti-FMRP antibody (top panel). In parallel, the remaining 3/5 of each sample was resolved on a 7.5% gel, blotted to nitrocellulose in parallel and probed with the anti-PABP (lower panel). The positions of the immunoglobulin heavy chain (Ig), which cross-reacts with the second-step goat-anti-mouse HRP, and of FMRP and PABP are indicated on the right.
of FMRP into a cell-free translation system downregulates the translation of certain mRNAs (37) . Thus, the association of FMRP with a core mRNP protein, YB1/p50, may suggest translation modulation of the mRNAs found in that complex. Given that YB1/p50 has recently been shown to interact with actin (38) , the mRNP containing both YB1/p50 and FMRP may control the local translation of associated mRNAs.
